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! MAHOHAL ADVTSOHT COKTTEE TOR AERQKAUTIC8 I 
TECHNICAL MOTE DO. 1472 

THE CALCULAHOB OF THE HEAT KKJUIHED JOB 

WIM THEBHAL ICE PKEVIMETOH HI 

SPECIFIED ICH» casnxncm 

By CUT B. Keel, Jr., Norman B. Bergrun, 
David Jukoft,  and Bernard A. Sohlaff 

SUMMARY 

Aa a raralt of a fundamental Investigation of the meteorological 
conditions conducive to the formation of lee on aircraft and a study 
of the process of airfoil thermal ice prevention, previously derived 
equations for calculating the rate of heat transfer fron airfoils la 
lolng conditions «ere verified. Knowledge of the Banner In which 
water Is deposited on and evaporated from the surface of a heated 
airfoil «as expanded sufficiently to allow reasonably accurate calcu- 
lations of airfoil heat requirements. lie research consisted of 
flight tests In natural-icing conditions with two 8-foot-chord heated 
airfoils of different sections. Measurements of the meteorological 
variables conducive to ice formation were made simultaneously with the 
procurement of airfoil thermal data. 

It was concluded that the extent of knowledge on the meteorology 
of lolng, the Impingement of water drops on airfoil surfaces, and the 
processes of heat transfer and evaporation from a wetted airfoil 
aurface has been Increased to a point where the design of heated wings 
en a fundamental, wet-air basis now can be undertaken with reasonable 
certainty. 

XnSKBOCXIOM 

Tor a period of several years, the Rational,Advisory Committee 
for Aeronautics has conducted research on the prevention of Ice 
formation on aircraft through the use of heat. During this time, 
research of a fundamental nature on the problem of thermal Ice 
prevention was retarded by the more urgent need for development of 
ice-prevention systems for specific airplanes In military service. 
Satisfactory wing- and tail-surface thermal Ice—prevention systems 
for a Lockheed 12-A, Consolidated B-S4, Boeing B-47, and 
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OwrtlM Wright 0-46 airplanes (reference» 1, 2, 3, and k,  respectively) 
were designed, fabricated, and tested la natural-icing conditions. 
Windshield thermal lce-preventlon systems which proved adequate In 
the Icing conditions encountered «ere provided for the 12-A, BSk, 
and 0-1*6 airplanes. Each wing- and talt-eurface design «as based on 
establishing, for flight In clear-air conditions, a surface- 
temperature rise above free-stream temperature «bleb experience In 
simulated— and natural—Icing conditions had shown to be adequate for 
lea prevention. This empirical method, while proving satisfactory 
for the airplanes tested, was Halted, since It was not established 
on a fundamental basis, and a more basic procedure founded on 
designing for the conditions existing In Icing clouds was needed. 

Ilia KACA at present Is engaged In an Investigation to provide a 
fundamental understanding of the process of thermal Ice prevention 
In order (1) to establish a basis for the extrapolation of present 
limited data on heat requirements to meteorological and flight condi- 
tions for which test data are not available, (2) to provide data for 
Improving the efficiency of thermal ice—prevention equipment, and 
(3) to provide a wet-air, or meteorological, basis for the preparation 
of design specifications for thermal Ice—prevention equipment. The 
research consists of an Investigation of the meteorological factors 
conducive to Icing, and a study of the heat-transfer processes which 
govern the operation of thermal Ice—prevention equipment for airfoils 
sad for windshield configurations. 

The airfoil heat-transfer phase of this Investigation consisted 
of the measurement of the factors affecting the transfer of heat 
from airfoil surfaces during flight In natural—icing conditions. 
Thees data are correlated with the simultaneous measurements of the 
meteorological parameters which influence the beat-transfer process, 
and are analysed for the purpose of establishing a wet-air ice- 
prevention design basis for airfoils. 

The first approach to the Icing heat—tranafsr problem on a 
fundamental basis was made In England by Hardy and Hum prior to 
191*2. In this study, a method for the calculation of beat transfer 
from a heated surface subjected to Icing conditions was presented 
sad substantiated by measurements In an Icing tunnel. later work by 
Hardy In which these beat—transfer equations were modified for 
general application Is presented In references 5 and 6. Deference 5 
contains Information on the protection of all aircraft components 
against Ice accretion. Reference 6, prepared during a period of 
active participation by Mr.  Hardy In the RACA Icing research program, 
presents an analysis of the dissipation of beat In conditions of 
Icing from a section of the heated wing of the C-h6 airplane 
(reference U). 

J 
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Other research In the präsent KACA Investigation has been 
reported In references 7, 8, and 9« Reference 7 gives the first 
measurements In thla program of the liquid-water concentration In 
clouds. References 8 and 9 deal with the meteorological aspects of 
Icing conditions In stratus clouds and In precipitation areas of the 
warm-front type. 

Research on the problem of heat transfer from airfoils In condi- 
tions of lclng has also teen conducted by other laboratories. In 
reference 10, the transfer of heat frost surfaces subjected to Icing 
conditions on Mount Washington hae been studied. The General Electric 
Besearch Laboratory has conducted a number of investigations on this 
phase of lclng. A summary of thla work and a list of reports Is 
presented In reference 11. A comprehensive report by the Army Air 
forces on the development and application of hedted wings Is contained 
In reference IS. 

In continuation of the present lclng program, the 0-1*6 airplane 
was equipped with special meteorological and electrically heated test 
apparatus, and flown In natural-Icing conditions during the winters 
of 19«»5-k6 and 19>*6-J*7. night tests were conducted mainly along 
airline routes over most of the Oilted States. The meteorological 
data recorded during the lclng conditions encountered In the two 
seasons are presented and discussed in references 13 and Ik, 

This report presents an analysis of the data obtained during the 
191*5-1*6 and 19U6-U7 winter seasons with two electrically heated air- 
foil sections. The data ware analysed using the heat—transfer 
equations developed by Hardy. (See references 5 and 6.) A considera- 
tion of the area and rate of water impingement on one of the airfoil 
sections based on an analytical study of water-drop trajectories 
(reference 15) is also presented. An attempt Is made to further the 
knowledge of the process .of airfoil thermal ice-prevention. 

The appreciation of the KACA la extended to United Air Lines, 
Inc., the United States Weather Bureau, and to the Air Materiel 
Command of the Army Air Forces for aid and cooperation In the research. 
In particular, the services of Major James L. Murray of the Air 
Materiel Command, Army Air forces, and Captain Carl M. Christeneon 
and First Officer Lyle W. Reynolds of United Air Lines, who served as 
pilots of the research airplane, were a valuable aid to the conduct of 
the Investigation. 
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lature la used throughout this report t 9» following 

•     radius of water drop, faat 

e     airfoil chord length, faat 

op    speciflo heat of air at constant preeaure, Btu par pound, 
degree Fahrenheit 

opy   apaolflc heat of water at constant preaeure, equal to 1 Btu 
par pound, degree Fahrenheit 

C     concentration factor, defined In equation (6), dlnenelonleea 

saturation vapor preaeure «1th reapect to water, alUtmetera 
of savoury 

water-drop collection efficiency, defined In equation (10) 

acceleration of gravity, equal to 32*2 feet per second, second 

contractive surface heat—transfer coefficient, Btu per hour, 
square foot, degree Fahrenheit 

total surface heat-transfer coefficient, Btu per hour, square 
foot, degree Fahrenheit 

mechanical equivalent of heat, equal to 778 foot-pounde per 
Btu 

thermal conductivity, Btu per second, square foot, degree 
Fahrenheit per foot 

dimsnsionlees drop-Inertia quantity, defined In equation (5) 

latent heat of vaporisation of water at surface temperature, 
Btu per pound 

llquld-vater concentration of Icing cloud, pounds of water 
per cubic foot of air 

weight rate of water-drop Impingement per unit of surface 
area, pounds per hour, square foot 

weight rate of water flow aft of area of water-drop Impinge- 
ment per foot of span for one elde of airfoil, pounds per 
hour, foot 
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Ms    weight rat« of water-drop impingement per foot of «pan for one 
•Ida of airfoil, pounds par hour, foot 

n concentration of liquid water contained In drops of each alee 
In a drop-site distribution, pounds of water per cubic foot 
of air 

F barometric pressure, millimeters of mercury 

Pr Prandtl number (cpf/k), dlaenslonless 

e, unit rate of heat flow, Btu per hour, square foot 

Be Reynolds number for airfoil (Vcy/u), dlmenslonless 

Bg    free-stream Reynolds number of water drop relative to speed of 
airfoil (2V&7/n), dlmenslonless 

s     distance measured chordvino along airfoil surface from stagna- 
tion point, feet 

t     temperature, degrees Fahrenheit 

U     local Telocity Just outside boundary layer, feet per second 

T     free—stream velocity, feet per second 

V* weight rate of evaporation of water per unit of surface area, 
pounds per hour, square foot 

Va    weight rate of evaporation of water per foot of span for one 
side of airfoil, pounds per hour, foot 

X     distance measured chordwlse along airfoil chord line from 
xero—percent chord point, feet 

Z     evaporation factor, defined in equation (PS), dlmenslonless 

y     airfoil ordinate, feet 

7o starting distance of water drop above projected chord line of 
airfoil, feet 

Zp    pressure altitude, feet 

*s/<"d  ratio of saturated to dry adlabatlc lapse rates 

B     exponent of Prandtl number, 1/2 tor laminar flow, 1/3 for 
turbulent flow 
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7 specific weight or air, pound« par cubic foot 

7V apaolfle weight of water, equal to 62.«» pounds par cubic foot 

u viscosity of air, pounda par second, foot 

Subscripts 

1 refera to conditions at edge of boundary layer 

k kinetic 

o refere to free-stream eondltlona 

a» mono effective 

a refere to eondltlona at airfoil aurfaoe 

SL aea level 

AXAUSXS 

During flight In Icing eondltlona a haatad wing la cooled by 
oonvectlvo heat transfer, by «Taporatlon of the water on -he surface, 
and. In the region of droplet Interception, by the water striking 
the wing.1 3ne rate at which heat must he eupplled In order to 
•alntaln the wing surface at a apeclfled temperature la, therefor», a 
function of the rates of convection, evaporation, and water Impingement. 
Equations for expressing this heat requirement are preaented In 
references 5 and 6. Theee equations, with alight Modification, are 
used throughout thl* report. 

Expressed aa an equation, the unit heat loaa q from a partially 
or completely wetted surface exposed to Icing conditions may he stated: 

q - a* + «o + «e 

where 

qv    heat loss due to warning the Intercepted water 

qe    heat loss due to forced convection 

qg    heat loaa due to evaporation of the impinging water 

lach of those Individual heat flows will be analysed. 

(1) 

*03xe heat loss due to radiation la small and can he neglected. 
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Etat lorn Bn to Warming the Intercepted Mater 

IB the region where water droplata etrike the «lag« tlw heat 
required par volt area to boat the water to surface temperature la 

«•-»V [*.- (*<>+*%,)] (2) 

UM taxm Atky la tha kinetic temperature rlaa of tho water caused 
07 stoppage of tha droplata aa they atrlka tha wing. IS» Talus of 
Atfcy la glraa by 

Atfc,, 
SgJOpy 

(3) 

•   la tha fraa stream velocity In feat par second. The Tain* 
of   Atfcy   la lesa than 2° lahreahelt for airplane apaada up to 200 
•lie« an hour and, for tha calculations presented In thla report« tha 
tarn haa been neglected.   Equation (2) thua beeomaa: 

9.w - *i (ta-to) <•> 

The weight rate of water laplngenent on tha wing, tha araa of 
Impingement, and the distribution of the water over that area are 
important factors in the heat-transfer analysis. In addition to tha 
effect of the amount of water Intercepted on the value of qw in 
aquation (U), the eralufttion of tfe provides an indication of the 
quantity of water which must be maintained In a liquid state until 
It either evaporates or runs off the trailing edge if tha formation 
of loe aft of the area of impingement, normally termed "runback," la 
to be avoided. The area of impingement influences the extant of 
heated region to be provided at the leading edge, while knowledge of 
the distribution of water impingement la required In the calculation 
of the heating requirement in areas where water la striking. 

Calculations have been made by Olauert (reference 16) for the 
trajectories of water drops about cylinders and an airfoil. In thla 
work the assumption waa made that the drops obeyed Stokes* law of 
resistance. At the speeda of flight, however, Stokes* law no longer 
strictly holds, and Langauir and Blodgett (reference 17) computed a 
aeries of drop trajectories about cylinders, epherea, and ribbons, 
taking Into consideration deviations from Stokes' law. These compu- 
tations were undertaken on the assumption that the trajectories for 
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cylinders would apply to airfoils If the airfoil were replaced fey an 
"equivalent" cylinder (reference 12). 

Preliminary calculations based on references 16 and 17 indicated 
that, for large values of drop size and airspeed, the assumption of 
tho equivalent cylinder would not hold for airfoils. Therefore, more 
extensive calculations were undertaken to determine the drop trajec- 
tories for one of the test airfoils of this research, en NACA 0012 
airfoil at 0° angle of attack. In these calculations, presented In 
detail In reference 15, a Joukowskl airfoil (the contour of which 
closely approximates that of the NACA 0012) was used to supply the 
stream lines since the Joukowskl stream lines and velocity field can 
he computed with relative ease. The basic equations presented In 
reference \r> ware used with modifications for deviation from Stokes* 
law as given In reference 17. The procedure followed was to start a 
given distance forward of the airfoil and calculate the paths of the 
drops using a step-by—atep integration process. Results of these 
computations are presented in figure 1. The curves shown establish 
the distance s, measured from the stagnation point, at which a given 
drop will strike the airfoil when starting a distance y0 above 
the projected chord line. Curves are presented for various values 
of K, where 

K-§K*Xr) (5) 

It should be noted that the curves of figure 1 apply strictly only 
for a drop Reynolds number % of 95.65, that Is, only for partic- 
ular combinations of drop size, airspeed, altitude, and air tempera- 
ture. The value of 95.65 was chosen as being the Reynolds number 
corresponding to average conditions of drop size, airspeed, altitude, 
and air temperature experienced during the tests of this investiga- 
tion. However, the curves of figure 1 can be used for a range of 
Reynolds numbers on either side of 95.°5 without serious error. Sue 
to practical considerations, these curves were used In the analysis 
of the data presented In this report, even though the Reynolds 
number differed somewhat for every case. 

Area of water Impingement.— The end points of the curves shown 
in figure 1 denote the extreme location at which drops of a partic- 
ular K value will strike the airfoil. Beyond this value of s/c no 
drops of this K valuo will hit. Thus, the broken line In figure 1 
establishes the area of impingement for all values of K. 

Rate of water Impingement.— nie rate of water Impingement at a 
specified point on an airfoil 1B a function of the area of impingement, 
the velocity of flight, the liquid-water concentration of the air 

.1 
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stress, and the distribution at tbe Intercepted water onr tbe eurface. 
Thia latter factor, called tba concentration factor C la represented 
by ttaa ratio of y0 to a, art 

Vor point values. 

••* 

exactly, 

da 
(6) 

tba weight rato of water 1ap1ngs—nt par «alt of aurfaoa area In 
par hoar* square foot, than, la 

K^ . 3600 7 a C (T) 

It la apparent from aquation (6) that C la elaply the alopa of 
the ourvea shown In figure 1. A plot of the aeaaured alopaa of theae 
ourree aa a function of a/c la presented In figure Z,   Using values 
of C obtained froa figure 2, the weight rate of water laplngeaent 
at any point on the surface can be calculated- froa agnation (7). 

In the ease of a cloud, where the water drops are not of uniform 
elxe, but Instead follow a pattern of else distribution, tba rate of 
laplageaeat can be eoaputed If the distribution la known or assi— fl« 
She rate of water laplngeaent at any point la the" am of all the rates 
of laplngeaent of the voluas of water contained In each drop alte. 
Equation (7) than beeoaea 

a* -3600yYnC (8) 

la tba concentration of liquid water oontalned la dropa of 
• particular alia and C la the concentration faotor for tba X 
value corresponding to that drop sice. 

In order to establish the possibility of ruobaek forming aft of 
tba heated area of a wing. It la necessary to know the total quantity 
of water Intercepted per unit of wing span. This rate of laplngeaent, 

aa h« In pounds par hour, foot span, la given by 
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(9) 

A more rapid method for the evaluation of   Mg   utilises a curve of 
collection efficiency   K   as a function of   K (fig. 3).   Collection 
effloleney la defined aa 

I ,y°Matft (10) 

*••*• '«limit *• **• •»ltt» of y0 fox* «Blob dropa of a particular 
E valve Just Mss the airfoil, and jmx   la the T1— ardlamte of 
the airfoil. The equation for computing Hg,   then, la 

MB m 36OO EVn ymx (11) 

Using figure 3, the rate of water Impingement can he computed for 
each of the drop sizes In the assumed or measured drop-alee distri- 
bution. The total rate of lmplngeamnt la the auaamtlon of these 
Individual rates. 

Heat Loss Due to Toroed Convection 

The unit heat flow from the surface of a body in an air stream 
resulting from oonveotlve heat transfer can be expressed: 

(12) 9« - h (ts-tofc) 

«here tB la the surface teoperature and to» la the kinetic 
ature of the free-atream air at the point for which the heat flow la 
being computed. The factor h Is the connective heat-transfer 
coefficient and any he evaluated by measurements In clear air or by 
calculation using the methods presented In references 18 and 19. 
Evaluation of the term tofc will now be discussed. 

The surface of an unheated wing moving through 'the air will 
assume a temperature somewhat higher than that of the free air stream 
because of stoppage of the air particles in the boundary layer next 
to the surface. This temperature rise la of Importance in the calcu- 
lation of heat requirements for loe prevention In that it establishes 
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the datum point from which the temperature of tho aurface must be 
raised to obtain the desired teiqperature, tB. The value of the 
temperature rise in clear air, from equations derived In reference % 
Is, for lamlwr flow. 

**k 2gJcp t1"? (—*)] (13) 

and for turbulent flow. 

At]t 
2gJc, ["$(>-»>)] (1*) 

where U Is the local velocity Just outside the boundary layer at the 
point along the surface where the value of Atfe Is being calculated« 

In clouds, the kinetic temperature rise Is reduced, due to 
evaporation of water from the surface. Assuming the surface Is 
completely wetted with water, the value of the temperature rise for 
laminar flow becomes 

**• ilk tl - 5 C1-**)]-0-*^ (*!?')     (1» 

Pi 
•x • »o m- (16) 

and eqfc Is the vapor pressure at saturation at the 
perature, to*. The value of to* Is 

wet kinetic 

to* - t0 • *fr 



IS MCA T* Ho. 1*78 

Xquatlon (17) 1« for laminar flow, lbs equation for turbulent flow 
la the aaas, but with the exponent of Tr   changed to 1/3« It can bo 
•MB that this equation must be aolved by trial, since the value of 
•eg 1* dependent upon the temperature tog. 

Experiment« In cloud*. In the process of calibrating a free-air 
Installation (reference 13), showed that by multiplying 

the olear-alr klnetio-temperature rise by the ratio of the saturated 
to the dry adlabatlo lapse rates, good agreement between the values 
of kinetic temperature rise calculated In this manner and the measured 
values was obtained. Since use of the ratio of the adlabatlo lapse 
rates was substantiated experimentally, and since equation (17) must 
be solved by trial, a somewhat laborious procedure, the following 
equations were used In this report to calculate values of tog: 

fur laminar flow. 

*°+dfe M (--*)] •7 (18) 

for turbulent flow, 

tog - to + 
2gJcp 

[l-£(l-Pr*)]3       (19) 

Talues of as/a«, the ratio of the wet- to the dry-adlabatlc lapse 
rates, are obtained from figure k,   33» use of the lapse-rate ratio 
In equations (18) sad (19) Is eeml-emplrloal. 3he limitations of 
this simplification In the calculation of klnetlo-teaperature rise of 
airfoil surfaces In clouds are not known« Below speeds of 200 miles 
per hour, however, these equations can be used with small error, since 
the klnetlo-teaperature rise Is low. 

Beat Loss Due to evaporation of the Miter on the Surface 

Dm» amount of heat removed from a wetted surface as a result of 
the evaporation of water on that surface can be expressed: 

q,-L,w, (80) 
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Irom reference 6 tto relation Ittwn a» 
heat-transfer oosfflolent h can to expressed for a eaapletoly 
wetted surface aai 

13 

«ad tto oonreotlre 

«. - h (I - X) (t,-^) (81) 

1-1 •§}(«£) %!• • 
By substituting arerags raluss far I« and cp, equation (28) can 
to rewritten 

X -1 + 3 •" Gss)'* (83) 

She raluss ohosan far   Is   and ep   are 1100 Btu par pound and 0.2l» 
Btu par pound, TKbrenhelt, respectlrelr.   3to factor   HBL/PI   la tto 
ratio of tto standard sea-OLerel pressure to tto local atatlo pressure. 

It should to noted that tto evaporation factor   Z   applies only 
«ton tto aurfaca la coapletely wetted.   If only partial wetness 
prevails, tto Talus of   Z   mist to modified according to tto dsgres 
of wetness. 

Total Bsat Loss frcsi a Wotted Surface 

Susseurlslng tto heat losses das to water laplngsasnt, convection, 
and evaporation, equation (l) can to written: 

q - Hi (te-to) + h (ta-t^) • h (Z - 1) (t,-tok) 

which reduces to 

4 - % (ts-to) + h X (te-tc*) («*) 
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Aft of the region of «star ,   M, - 0   and equation (24) 

a. - h X (ts-tok) (25) 

iescErPTicw oar KQOOTOTT 

All teata reported herein war» made la the 0-46 airplane ahown 
la figure 9« The airplane had been modified to provide thermal loa— 
prevention equipment for vings, empennage, wlndahleld, and propeller». 
A deaorlptlon of the theraal ajatea for the wlnga and T^B* *• 
glTaa la reference 20« lbs vladableld system «aa altered for the 
fllghta aa deaerlbad la reference 21, Protection for the propellers 
wi provided by electrically heated blade shoes. 

Zha meteorological equipment aaed during the teata to meaaure 
the free-air temperature, liquid-water concentration, drop also and 
drop-aize dlatrlbatloa la deacrlbed in references 13 and lb. 

Two electrically heated teat airfoil« were uaed to obtain 
fundamental data on the proceaa of wlag theraal lea prevention. lach 
airfoil «aa mounted vertically on top of the fa—lag» of the 0-46 
airplane, aa ahoaa In figure 5. 3be teat airfoil lnatalled during 
the winter of 1945-46 had aa BACA 0012 aactlon. For the teata in the 
winter of 1946-47 the airfoil had an HACA 65,2-016 aactlon In order 
to provide teat data for low drag sections, aa wall aa conventional 
eectlona. Both aectlona are symmetrical, and the module were 
lnatalled with the chord line In the plane of symmetry of the air- 
plane; that la, at zero angle of attack for unyawed flight. Ordlnatee 
for an HACA 0012 airfoil are given In reference 22, and for aa 
HACA 65,2-016 airfoil, in reference 23. Figure 6(a) ahowa the 
HACA 0012 airfoil mounted on the fuselage, tbe HACA 65,8-016 
airfoil waa mounted aa ahown in figure 6(b). A clear plaatlo 
Mieter, ahown in figurea 6(a) and 6(b), allowed the alrfolla to 
be viewed and photographed in flight. 

Both alrfolla had an S-foot chord and a 4.7-foot apan, with a 
faired square tip. A heated teat section of 1-foot apan waa located 
2 feet above the top of the fuselage. It had been determined 
previously, by means of a pressure surrey, that the test-section 
location waa well above the edge of the fuselage boundary layer. 
Electrically heated guard sections were built around the leading- 
edge region on both Bides of the teat section for the purpose of 
preventing any disturbance of the air flowing over the teat aactlon 
which might have been caused by Ice accretions in the region of the 
guard aectlona. 
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MCA 65,a-0l6 Airfoil Model 

Construction details of the 69,8-016 airfoil model are shown in 
f lgure 7« 9» metal portion of tho structure consisted of aluminum 
rlba and akin supported from tha fuaolags by two opera. 3he taat 
•action waa made up of a 3/8-lnch-thiok plaatlc baaa and a ahaet of 
plaatic—impregnated fabric, l/61t-lnch-thlck, on top of which 1/3-inch 
vide, 0.003-inch-thick, electrical resistance heating strip« «ere 
cemented in a spanwlae direction spaced 1/38 Inch apart. A covering 
of the I/6I4-inch-thick plaatic—impregnated ahaet waa laid over the 
resistance strips, and on top of this waa cemented a akin of 
0.006-inch-thick aluminum. Each l/2-inob-vide heating atrip waa 
connected to IndlYldual lugs located along the adgaa of the teat 
section. lhia provided means far chordwiee adjustment of the power 
distribution by l/2-inch increments. She heated area of the teat 
section extended back to 77 percent chord on the left aide and to 
17 percent chord on the right aide. 

She guard sections were constructed In the same manner aa the 
taat section, with the exception that the aluminum akin waa 0.0U 
inch thick. She heated area of the guard aeotlona extended to 17 
percent chord on both aidea of the model. 

Jfeaaurementa of the temperature of the aluminum surface of the 
taat section were obtained by means of thermocouples. Tine lron- 
eonetantan thermocouple wire was rolled flat to produce a atrip 
approximately 0.002 Inch thick and 1/16 Inch wide. lheae atrip 
thermocouples were laid In spanwlse grooves about 3 Inches long cut In 
the aluminum akin. Ihe thermocouple Junctions were located In the 
middle of the grooves, and the leads pasaed through holes at the ends 
of the grooves Into the Interior of the model. Aluminum waa sprayed 
Into the groove over the atrip thermocouple for a distance of about 
3 /16 Inch on either side of the Junction. Thus, the thermocouple 
Junction waa bonded to the aluminum akin, allowing accurate surface— 
temperature measurements to be made. She remainder of the groove on 
either aide of the aluminum spray waa filled with a nonelectrlcally 
conducting material. Thermocouples were located at the center of 
the taat section at lr-inch chordwlae intervals in the leading-edge 
and calculated transition regions, and at H/3-inch chordwlae 
Intervals In other regions. Surface temperatures were recorded by 

of eeIT—balancing automatic-recording potentiometers. 

übe flow of heat through the outer surface was calculated from 
suremants of the power dissipated in the electrical beating 

strips. Obis power was determined by measuring the resistance of 
tha stripe and the current flowing through them. Ihermocouplee 
placed on both surfaces of the plastic base at a number of chordwlae 
stations gave en indication of the heat flow Into the model Interior. 
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reoordlng potentl— 

Preeeure tepa ware lnatellad fluah In the teat-section surface 
about 3 lnobsB dam from the top edge of the teat aeetloa at various 
ohordwlae points for the purpose of measuring surface pressure dis- 
tribution. A standard HACA 60-cell pressure recorder was used to 
record the pressures. 

A source of l*00-cycle, elngle-phase, alternating current «as 
supplied to the test and guard sections for heating these surfaces. 
The heating strips for the teat section ware grouped Into 30 chord— 
wise blocks. Control of the current flowing through each block was 
provided, so that a large variation in the chordwise distribution of 
heat flow was possible during flight. Before the icing operations 
Started the heating strips for the guard sections were connected to 
Maintain a constant surface—temperature rise during flight In clear 
air* Controls were provided so that the total heat Input to the guard 
eeotionsj but not the chordwise distribution, could be varied during • 
flight. 

HACA 0012 Airfoil Model 

With a few exceptions, the construction of the 0012 airfoil 
model was substantially the sams aa that of the 65,2-016 model. These 
exceptions will be noted. 

The top layer of plastic—Impregnated fabric covering the electri- 
cal resistance strips constituted the outer skin of the test and guard 
sections, nils was painted and sanded, after the test-section thermo- 
couples had been Installed. The heated area of the test section 
extended back to 58 percent chord on the left side and to 11 percent 
chord on the right side. The heated area of the guard sections 
extended to 11 percent chord on both Bides of the airfoil. 

Strip thermocouples of the sams type as Installed In the 65,2-016 
model were used to measure surface temperatures of the test section. 
Spanwiae grooves were cut in the plastic-Impregnated fabric sheet at 
various Intervals along the chord. The strip thermocouples were laid 
la the grooves and cemented In place. The surface was then painted 
and sanded so that only a thin layer of paint covered the thermo- 
couple Junctions. Thermocouples were located at the center of the test 
eeotlon at 1-lnch chordwise Intervals In the leading saga and calcula- 
ted transition regions, and at 2- to 2-1/2-Inch chordwise Intervale In 
other regions. Surface temperatures ware recorded by means of an 
automstlo-recordlng Potentiometer. 

The flow of heat through the surface of the teat aeetloa waa cal- 
culated from measurements of the power dlaalpated In the electrical 
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heating «trip«, 
airfoil. 

In a slailar to that described for the 63,2-016 

Installation of surface pressure tap« far the i 
pressure distribution w the aama a« for the 65,2-016 nodal, 
pressures were recorded 07 photographing a Multiple-tube aanca 
to which the preaaura tapa were connected. 

of 
The 
»tar 

A aourca of UOO-cycle, single-phase, alternating currant was 
aupplled to the teat and guard aoctlona for heating theae aurfaoea. 
In tha teat section, provisions ware aade far obtaining a Halted 
number of ohordwlae heating dlatrlbutlona aa wall aa for control of 
the total heat Input with each dlatrlbutlon. A small degree of varia- 
tion of each heat dlatrlbutlon «aa alao provided. During flight It 
waa possible to control only the total heat Input, and to vary, to a 
aoall extent, each dlatrlbutlon. Aa with the 65,0-016 airfoil, the 
heating atrlpa for tha guard sections were connected to give aa 
approximately constant aurface—temperature rise In clear air* Ho 
control of the heat dlatrlbutlon or the total power Input to the guard 
sections waa provided* 

TEST X80&DUHE 

The teat airplane waa flown Into natural-ielng condltlona over 
•oat of the northwestern area of the United State» during the winter 
of 19*>5-46. During the winter of I9U6-U7 the area of operations waa 
extended to include a few flights In the central and eastern part of 
the United States. The usual teat procedure, during flight In Icing 
conditions, waa to record» airfoil data simultaneously with the 
Measurement of the meteorological condltlona. The rotating cylinders, 
described In reference 13, which constituted the neons of measuring 
liquid-water concentration, drop alee, and drop-size dlatrlbutlon, 
were extended as often aa waa conveniently possible. Records of 
free-air temperature, airspeed, and altitude were taken several times 
a minute. The recording potentiometer used to obtain airfoil tempera- 
tures was operated continuously. During this time, the valuea of 
current flow through the electrical heating strips of the airfoil 
were recorded* Photographs of the teat-section aurface and record* 
of preaaura dlatrlbutlon ware taken at frequent intervale. 

HE sours 

A tabulation of the flight and meteorological condltlona for 
which simultaneous airfoil data were obtained la presented In tables X 
and XI* Table I contains the flight and Icing condltlona for which 
corresponding heat-transfer measurements ware aade with the KACA 0012 
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airfoil. Mil XX gives eimilar Information for the KACA 65,8-016 
airfoil. All meaaurerasnta were made during flight In natural-icing 
condition«. During moat of the flight», large variations In liquid— 
«star concentration, and occasionally drop also, ware experienced. 
The rotating cylindera, uaed to measure liquid-water content and drop 
also, were extended for ahout 1 to 2 minutes, thua giving average 
Taluea for 1- to 8-mlnute lnterrala. A complete cjcle of the 
recording potentiometers uaed to record airfoil temperatures required 
k to 6 minutes, during which time the meteorological conditions nay 
hare changed considerably. Tor these reasons, an effort was made to 
select, for analysis and discussion herein, only the airfoil data 
recorded during flight In relatively uniform clouds and/or where 
close correlation existed between the cylinder measurements and the 
airfoil-temperature records. Of these data, only a part, chosen aa 
being typical, are presented In thla report. These are the thermal 
data for which the flight and icing conditions are given In tables X 
and XX. 

KACA 0012 Airfoil Data 

Figures 8(a) to 8(g), inclusive, present the measurements of 
surface temperature, surface heat flow, and resulting heat-transfer 
coefficients obtained with the 0012 airfoil model during flight In 
the conditions presented in table I. The heat—flow distribution 
illustrated in these figurea had been found by experiment to give 
an approximately uniform temperature rlae over the teat-aection 
surface during flight In clear air. Variations in the Intensity of 
the distribution for the different conditions of table I occurred 
aa a result of the heat aupply procedure followed during the tests. 
In general, during an Icing test the total heat input was reduced 
until the surface temperature was observed to fall close to freezing 
temperature at some point on the test section. Typical values of 
surface temperature, heat flow, and connective heat-transfer coef- 
ficient obtained during flight in clear air are shown in figure 8(h). 

The data presented in all figures except figure 8(g) were taken 
with the entire test section heated. Figure 8(g) presents data 
secured with only the leading-edge region heated, from 11 percent 
chord on the right side to 8 percent chord on the left side. At the 
time of this test, insufficient heat was supplied to the leading- 
edge area to evaporate all the water striking the surface, and 
streamers of ice formed aft of the heated region, similar to those 
ahovn in figure 9. 

The heaWlow values given in figures 8(a) to 8(h), inclusive, 
ware calculated from measurements of the total power dissipated In 
the electrical resistance atripe and the Internal heat loss. The 
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•nta of surface temperature, which wars obtained with the 
thermocouple Installation previously described, ware corrected for 
«Mn Incurred by the presence of a layer of paint covering the 
Junction. Magnitude of .theso arrora was determined from knowledge 
of the thickness and thermal conductivity of the paint and the amount 
of heat flowing through It. 

The kinetic temperature of tha free-atream air tot ueed In 
computing tha beat-tranafar coefficients, waa calculated for the 00112 
•irfoll from equation« (18) and (19), ualng experimentally determined 
values of the expression 

i-j5(w»*) 

ß la 1/2 tor laminar flow and 1/3 for turbulent flow. Taluea 
of thla expression for various point» along the airfoil surface, were 
obtained from figure 10, which preaenta data Obtained during flight 
la clear air. 

A typical record of preaeure distribution over tha 0012 airfoil 
modal taat-aeotlon aurface la shown In figure 11. 

KACA 65.S-016 Airfoil Data 

Figuree 12(a) to 12(J), Inclusive, praaent the meaaurementa of 
aurface temperature, aurface heat flow, and reaultlng ooafflolenta 
of heat transfer obtained with the 65,0-016 airfoil modal during 
flight In the conditions presented In table IX. The distribution 
of heat flow shown In these figures had been experimentally eetab- 
llahed to provide an approximately uniform temperature rlae above 
free-air temperature over the test-section surface during flight In 
clear air at an altitude of 11,000 feet and a true airspeed of 175 
miles per hour* Thla heat-flow profile waa used throughout all tha 
flight tests. Slight variations In heating Intensity are due to 
variations In Internal heat flow and chcn-owlae heat conduction In 
the thin aluminum akin. Topical values of surface temperature, 
heat flow, and convectlv» heat-transfer coefficient for flight In 
clear air are given In figure 12(k). 

The results shown In all figures (except flga. 12(h) to 12(j), 
Inclusive) were obtained with the test section heated to approximately 
35 percent chord. Heating aft of this point waa precluded by a 
malfunctioning of the heating equipment In thla area, figures 12(h) 
to 12(j), Inclusive, praaent data secured with only the leading edge 
region heated, from 17 percent chord on the right aide to 17 percent 
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ohord on the left aid». During tte tin» when the aMmmmt« of 
figures 18(1) end 12(J) were taten, an Insufficient quantity of heat 
vaa being supplied to the leading-edge region to evaporate all the 
water striking the surface, and loe accumulated aft of the heated 

This Is shown In figure 13. 

The heat-flow values given In figures 12(a) to 12(k), Inclusive, 
were calculated from measurements of the total power dissipated In 
the electrical resistance strips. In a similar manner to that used 
for establishing the heat flow for the HACA 0012 airfoil. In 
addition to the determination of the Internal heat loss In computing 
the surface heat flow for the NACA 65,2-016 airfoil, the flow of 
heat ehordvlae In the thin aluminum surface was considered, nie 
ohordvlse heat conduction Is a function of the chordvlse variation 
in surface temperature. It wae assumed that the quantity of heat 
flowing from point to point along the surface, as indicated by the 
difference In surface temperature between the two points, originated 
from the beating atrip under the hl gier temperature and flowed away 
from the surface into the air stream in the area of surface over the 
heating strip at the lower temperature. This method, although 
Inexact, offered a rapid means of estimating the effect of chordwlse 
conduction. A more exact determination of this effect can be 
obtained using the "relaxation" method of reference 10. Ho correc- 
tions were applied to the surface—temperature measurements, since 
It was assumed that the surface thermocouple Junctions were at 
surface temperature. 

The kinetic temperature of the free-stream air tcfc was 
calculated using equations (18) and (19). Values of the expression 
1 — (t^/?6) (l-ErP) were calculated and are plotted in figure lU. 

A picture of the conditions of wetness which existed on the 
airfoil during flight in clouds can be seen In figure 13. This 
figure shows BOOB typical records obtained with strips of blueprint 
paper which had been fastened to a device that could be extended 
Into the air stream up the leading edge of the airfoil model to a 
point Just below the test section. Since, in effect, these were 
wrapped around the leading edge of the model, they Illustrate the 
pattern that the water assumes In striking the airfoil and flowing 
aft. The records were obtained during icing conditions 11, 13, and 
Ik,  table II. 

A typical measurement of pressure distribution over the 65,2—016 
airfoil model test-section surface Is shown iii figure 16. 
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ultimate la im'fuwaw of a wing thai—l loo prevention 
Is on* which «111 prevent the accretion of loo on «ay portion 

Of ttao wing. This Ideal operation requires that any water on the 
«lag aurfaeo mat be aalntalnad la a liquid atate until It evaporates, 
or blows off the wing at the trailing edge. In nan? wing designsj 
heating of the entire surface la not practicable because of auch 
features as Integral fuel tanks, and In these instances any water 
flowing aft of the heated region la apt to freeze and form the type 
of loe accretion normally teraad runback. In the following dis- 
cussion the ice-prevention action of a heated wing will be examined 
la detail, and the reliability of the equations sad assumptions 
presented In the analysis section for the prediction of surface 
temperature and rate of water evaporation from the eur.ace will be 
eatabllahed. If these equations and analytical methods can be shown 
to define correctly the process of thermal ice prevention, the funda- 
mental design procedure for a heated wing Initially conceived In 
reference 6 will be more firmly established. The empirical design 
method of providing a specified temperature rlae In clear air can 
then be replaced by the more fundamental and flexible concept of 
supplying sufficient heat to maintain the surface temperature above 
freezing until the water la either evaporated or carried away. 

An analysis of the action of a heated wing requires the consid- 
eration of three factors: namely (1) the meteorological and flight 
conditions for which the wing must provide protection; (2) the area 
of water impingement, and the rate and distribution of impingement 
over that area; and (3) the rate at which the water la evaporated 
from the wing surface. 

Meteorological and Flight Conditions 

She specification of a meteorological condition for the design 
of thermal ice—prevention equipment depends upon the geographical 
areas over which the airplane will fly, the aeaaona of operation, and 
other factors dictated by the Intended service of the aircraft. 
Obviously, the establishment of design conditions for a specific area 
requires a knowledge of the conditions prevailing over the area. If, 
on the other hand, the lee prevention system la to provide protection 
for all weather operation, general specifications of a meteorological 
condition must be eatabllahed which will encompass all conditions 
likely to be encountered. 

The most recent and extensive Information in regard to the 
severity of Icing conditions likely to be experienced In all-weather 
operation In the united States la contained In references 13 and 1*. 

I 
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XB nfnwm 13, estimate« of the mtattmm eontlnuoua lolag oondl- 
tlona a* mil aa the MTII probable lolag conditions apt to be 
encountered ara presented. Since the duration of tlia waaSmm 
probable lolng condition la quite abort (1 to 2 minutes), and lolag 
of thla severity la entirely aaaoolatad with oumulus cloud« which 
ahould be aTOldad In all operations, th» maximum eontlnuoua Icing 
condition la believed to be of graatar interest for daalga purposes. 
Two oondltlona of aaxl— contlnaona icing ara presented baaed on a 
relationship of drop alza and liquid-water content. Xhese oondltlona 
ara given In the following table: 

Xilquldr-vater 
OQOMtttaWtlCtt 

aM»en-effectlve 
drop disaster 

(Microns) 

free air 
teaporature 

0.8 15 20 

0.5 25 20 

Zt la believed that the oondltlona in the above table form a good 
basis for the design of theraal Ice-prevention equipment for all- 
weather operation. In addition to these values, however, the proposed 
wing theraal system should be analyzed for possible undesirable oper- 
ation In other Icing oondltlona. Tor example, reference 13 points out 
that dropa of 35 to 50 microns diameter ahould not be regarded as 
exceptional. Although the amount of liquid water associated with such 
large drops Is usually low (about 0.1 gram per cublo meter) the fact 
remains that the area of water Impingement would be very large and 
would probably exceed the limits of the heated region If thla region 
had been baaed only on a consideration of the data In the aaxlmua 
continuous table. Finally, the possibility of encountering Icing con- 
ditions at low temperatures may be a critical condition for heated 
wings on some airplanes. For Instance, the estimated oondltlona 
of maximum eontlnuoua lolng presented In reference 13 and given 
In the preceding table ware extended in reference 1» to air tempera- 
tures aa low aa -20° F for the ease of 15-aicron dropa. 33be oon- 
dltlona of anximua continuous lolng suggested are 0.5 gram per cublo 
mater at 0° F and 0.25 gram per cubic meter at -20° F, both with  

The mean-effective diameter as defined In reference 13 la the alee of 
drop In a cloud sample for which the amount of liquid water existing 
In water drops larger than that drop la equal to the amount of liquid 
water existing In drops smaller than the drop. 
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• »MI »fftntlTt drop diameter of 19 mloron». Ilttor of ttoi 
tlone nay be mar» deleterious to tto functioning of tto «lag 
system than thoM In the table. 

from tat foregoing dlsousslon. It 1» evident that tto analysis 
Of a heated wing ahould glTe consideration to several possibly orlti— 
oal lolng condition» In tto sane manner that aereral flight condl— 
tlaaa are assuned for the wing structural analysis. She data of 
roferenoea 13 and Ik,  although aonewhat Halted In »oops, are consid- 
ered to be euff ioiently Indicative of lolng oondltlana In tto Halted 
States to form a meteorological baala for heated-wing design. 

She problem of »electing a flight condition for tto design of 
loe prevention equipment la concerned with tto airspeed and altitude 
at which tto airplane will fly. The airspeed will depend upon tto 
apeolflo airplane, and. In general, a cruise condition ahould be 
»elected. Choosing an altitude for design la dependent upon several 
factors, which will be discussed later. 

Area, Sat», and Distribution of Water Impingement 

Baring defined tto Icing condition» for which tto heated wing la 
to to designed, tto next step 1» to determine tto region of tto 
1—fling edge In which tto water drops will strike tto wing, tto rat» 
of water Impact at any speolfled point In that region, and tto total 
rate of Impingement per foot of wing »pan. Shi» subject was dis- 
ouseed at some length for tto general case In tto analysis section. 
In that discussion. It waa shown that tto method of reference 1? could 
to used to prepare (for any wing »notion for which tto stream lines 
war» known or could be determined) curves similar to those prevented 
la figure» 1, 2, and 3. Si» broken line of figure 1 giro» an Indica- 
tion of tto area of water laplngement, wall» tto rate of Impingement 
at a apeolfled point can be obtained from figure 2 and equation (7)« 

Two method» are available for tto determination of tto total 
rate of Impingement per foot of wing span. She calculation of this 
quantity 1» of primary Importance, a» It determine» tto »mount of 
heat required to disperse tto water by evaporation. She first method 
utilises tto concept of collection efficiency X a» mentioned In 
tto analysis section. Xhls aethod la preferable when only tto value 
of tto total rate of laplngement 1» desired, since preparation of 
tto curve» of figure 2 1» not required. Tor a thorough analyals of 
tto heat transfer from tto surface, however, knowledge of tto rate 
of laplngement at a point ft* Is required. By employing equation (7) 
and figure 2 a curve of tto distribution of water Impingement 
(am against e/o) ca>i be platted, figure 17 shows such a ourve for 
tto KACA 0012 airfoil, using equation (8) and an "V typ» drop-also 
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distribution. (8M nltenM 17«) A cm of this type presents an 
interesting picture of the distribution of water Impingement and, la 
addition, the area ndtr the curve denotea the total rate of water 
Interception« 

Although the method of reference IS la considered to provide a 
complete and quite accurate prediction of the distribution of water 
Impingement on the leading edge of an airfoil, it doea have the dis- 
advantages of requiring (1) a knowledge of the Telocity components 
along a number of the airfoil stream lines, and (2) considerable 
computation. B»e difficulties associated with the computation of 
the water-drop trajectories for airfoils hare encouraged the substi- 
tution of a cylinder with radius equal to the airfoil leading edge 
radius la the determination of water Impingement. (See references 5 
and 6.) One curres of reference 17, which hare been calculated for 
• large range of drop sites, airspeeds, altitudes, and cylinder 
diameters, are then used directly to evaluate the anticipated, water 
Impingement on the airfoil. This substitution procedure Is a useful 
device but should be employed with & full knowledge of its limita- 
tions. One of these limitations is the fact that the curves of 
reference 17 provide the area and total rate of water impingement, 
but give no direct Indication of the distribution of Impingement. 

A second restriction of the cylinder-substitution method Is 
concerned with the contour and slse of the forward portion of the 
airfoil. To obtain an Indication of this effect, the rate and area of 
water Impingement on the 0012 airfoil, at 0 angle of attack, and on 
the leading-edge cylinder of that airfoil are compered for the same 
flight conditions and various drop sizes in figure Iß. Die values for 
the 0012 section were obtained from figures 1 and 2, and those for the 
cylinder from reference 17. At drop diameters up to about 25 microns the 
rates of impingement on the airfoil and on the leading edge cylinder 
are approximately the same, although above 25 microns as the drop slse 
Increases, the rate of Impingement becomes considerably greater on 
the airfoil than on the cylinder. At drop diameters up to about 18 
microns the area of impingement on the cylinder is roughly equal to 
that on the airfoil. However, at a drop diameter of 25 microns, which 
is not unusual (reference 13), and was presented previously in this 
report as a possible maximum continuous condition, the area of impinge- 
ment on the airfoil Is nearly 50 percent greater than on the cylinder. 
Xt should be noted that the value of 25 microns far the maximum contin- 
uous condition Is the mean-effective diameter, and that drops of a 
larger slse probably will be present due to the existence of a distri- 
bution of sizes. Although these values provide an indication of the 
scale limitation of the cylinder-substitution method, the fact should 
be noted that figure 18 applies to only one airfoil section, with 
aa 8-foot chord, and at one flight condition. The leading-edge radius 
of the HACA 0012 section for aa onfoot chord is small (1.5 la.) 
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cylinder doe« not amteh the Motion oontour for 
any groat extent above the ohord lias. Oil« la ahom graphically in 
flgure 19 «hieb presento a comparison of tha forward portion» of 
throe airfoil aeetlona and the Isading edge cylinder of the 0012 
aeotlon. In the oaae of airfoil aeetlona with the leading-edge radius 
a greater percent of the ohord than the 0018 section, end alao for 
alrfolle of 0012 ejection, or similar, with chorda greater than 8 feet, 
the oyllnder-eubstltution method will preeent a better approximation 
than that Indicated by figure 18 for the eeae speed range. 

Tor airfoil section» with a leading-edge radius whloh represents 
a snail percentage of the chord, the substitution of an "equivalent" 
cylinder (reference 12) with a radius larger than the leading-edge 
radius would probably provide a better Indication of the rate end 
area of water lmplngsment on the airfoil than would be obtained for 
the leading-edge cylinder. At the preeent tine there le not suffle— 
lent lnforantlon on water-drop trajectories about airfoils to provide 
a basis for selecting the proper cylinder in each instance; therefore, 
the designer wet utilise the aore complicated, but more accurate, 
aethod of reference 15 or assume ace» cylinder diameter baaed on his 
experience, nie poaaibllity that the rate and area of lnpingenent on 
an ellipse would aore closely approxlaate the rate and area of 
lnpingenent on a aerlea of alnllar alrf olle has been suggested end 
la worthy of future consideration. 

The ability to select a proper drop site for the design of wing 
loe prevention equipment la a factor of considerable lnportance to 
the designer, aa can be Illustrated by figure 20. In thle figure the 
rate end area of lnpingenent are presented for the 0012 airfoil aa 
a function of drop alte. Die rate of lnpingenent for each drop alte 
was calculated for a liquid-water content of 1.0 gran per cubic aster. 
Consider, then, a change In design drop disaster fron 10 microns to 
20 microns. The resultant Increase in rate of water lnpingenent le 
1.79 pound* per hour per foot of span or an Increase of 175 percent, 
although the actual amount of water present per unit volume of cloud 
has not been changed at all. The same Increase in drop alee will 
cause an Increase in area of lnpingenent fron 1.5 to k percent s/o. 

In oontrast, consider the effect on the rate of water impinge- 
ment produced by an increase In the quantity of liquid water present, 
assuming the drop else to remain eonatant. The area of impingement 
will remain unchanged, while the rate of Impingement will Increase 
only in direct proportion to the Increase in water concentration. 
This example clearly illustrates the fact that the amount of free 
water preeent in an Icing cloud la only one factor Influencing the 
quantity of water which will actually strike the wing In a specified 
tins interval, and that the else of the cloud drops la a factor of 
at least equal Inportsnoe. 
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n» problem of distribution of the elaea of drop* la aa icing 
oloud also bears careful consideration. For example. If an "E" type 
drop-alee distribution exlata with a m9an-effecti"e drop dlaaatar of 
25 microns, tL» largest drops will be 68 microns In disaster. Hence, 
the area of Impingement will he considerably greater than If a 
uniform drop size of 25 microns prevailed. Tha  data of reference Xk 
Indicate that. In general, the distributions of drop alas In Icing 
clouds are fairly narrow, and do not usually follow the broad distri- 
butions, such as type "E." Nevertheless, the distribution must he 
considered, since the largest drops In the cloud determine tha area 
of impingement and the minimum extent of heated area required for 
lee prevention. 

Bate of Evaporation of Hater 

Having discussed the problem of area and rate of water intercep- 
tion, the next step la to establish the rate at which the intercepted 
water la evaporated from the wing surface and the validity of the 
equations presented previously for determining the rate of heat 
dissipation during the process of evaporation. Tbe  problem of rate 
of evaporation Is particularly important because all of the water 
Intercepted by a wing heated.only in the region of the leading edge 
must be dispersed by evaporation If the formation of runback la to 
he avoided. 

Irom a superficial study of the mechanism by which water la 
deposited on the surface of a wing. It would be expected that In the 
area of water Impingement the surface la completely wetted, and that 
equation (2J») for calculating the heat loss from a heated wing la 
valid. Aft of the area of Impingement, it would be anticipated 
that the surface may act he fully wetted, since water does not reach 
this region directly, but Instead must flow back from the area of 
Impingement. If the surface aft of the area of impingement is only 
partially wetted, the expression for Z (equation (23)) must be 
modified for use in equation (25) to calculate heat requirements. 

Observations, made during the airfoil tests, of the water 
pattern on the leading edge of the airfoils revealed that the above 
suppositions are correct. At a very short distance back of the 
region of Impingement, the film of water was observed to reach a 
state of instability and break into small rivulets. A picture of 
the conditions of wetness which actually exist on a wing during 
flight In clouds can be seen In figure 15. this figure, which shows 
typical records obtained with the strips of blueprint paper placed 
around the leading edge of the 65,2-016 airfoil model during flight 
la Icing conditions, Illustrates the pattern formed by the water la 
striking the airfoil leading edge and flowing aft. It Is evident 
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from, the patterns that the area of Impingement, which la clearly 
defined, le completely netted« while teek of this area the water 
collects and forma rivulets, creating a partially wetted surface. A 
study of the patterns Indicated a variation In the fraction of surface 
area netted (aft of the Impingement area) with rate of Impingement of 
water» Accordingly, the rates of water Impingement Mo were calcu- 
lated using equation (11) for the conditions existing at the tin» 
that rivulet patterns were obtained (Icing conditions 11 through 15, 
table H). Hie curves and values presented previously for the 0G&2 
airfoil were used In the calculations of Ms for the 65,2—016 airfoil. 
Substitution of the calculations for the 0012 section In computing 
values for the 65,2-016 section appears to be a good approximation, 
since the contour of the 65,2-016 section In the leading-edge region 
is very nearly the same as that of the Joukovakl airfoil used In the 
0012 trajectory calculations» Figure 19 compares the contours of 
the three sections. 

The values of Ms were plotted against the measured area* of 
surface wetted, obtained from the strips of blueprint paper. 
Figure 21 shows the relationship, thus obtained, between the rate of 
flow of water from the impingement region and the fraction of surface 
area wetted. For the data shown In figure 21, values of the rate of 
water flow over the surface aft of Impingement Mb were assumed 
to be equal to the rate of water Impingement Hs» The scatter of data 
points In the figure la believed to be caused by errors In measure- 
ment of the llquid-vater concentration occurring at the time the 
rivulet patterns were obtained. Table IX shows that the free-air 
temperature was high during Icing conditions 11 through 15, when the 
blueprint records were taken» The kinetic temperature was close to 
freezing, and It was observed that the water striking the rotating 
cylinders, used In the measurement of water concentration, was 
running back, and possibly off, the cylinders. Thus, the liquid- 
water concentrations measured may have been lower than the actual 
concentrations present. The two data points corresponding to a 
weight rate of water flow of 0.57 pounds per hour per foot of span 
(fig. 21) represent the rivulet data procured at the lowest free- 
air temperature of these tests (Icing condition lfc, table II). These 
are probably the most reliable data, since the rotating cylinders 
ware subject to smaller losses of water. Therefore, the curve shown 
in figure 21 was weighted toward these points. The ultimate extent 
of this curve In the direction of percent of surface wetted Is not 
definitely known. There le evidence, however. Indicating that the 
degree of surface wetness aft of the area of Impingement reaches a 
maxlmm which Is not exceeded, regardless of the rate at which water 
la Intercepted. It was found that a relationship exists between the 
rate of flow of water In the region aft of Impingement and the 
surface-temperature rise above free-air temperature, and that the 
temperature rise decreases to a limit as the rate of flow of water 
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Increases. Figure 22 snow the relationship between the rate at 
which water flove 'batik over the heated eurface of the 65,2-016 air- 
foil teat section and the average Increase In temperature above 
free air temperature of the surface from 10 to 25 percent chord» The 
values of the rate of water flow were obtained by subtracting from 
the calculated rates of water Impingement for one side of the airfoil 
the computed rates of evaporation from the region of Impingement. 
Figure 22 Illustrates that as the rate of water flowing over the 
surface increases, the temperature of the surface decreases, but that 
a limit to the decrease In temperature apparently Is reached* Oils 
Indicates that the rate of evaporation reaches a maximum as the 
Halting surface temperature is approached, since evaporation Is 
the only variable In the heat—transfer process In the area of surface 
under consideration. Therefore, If the rate of evaporation attains 
a Maximum, the degree of surface wetness must also approach a limit. 
It can be demonstrated, using equation (25) and the values presented 
In figures 21 and 22, that the Maximum fraction of surface area 
wetted is about 50 percent. 

Although the data from which the curve of figure 21 wae computed 
were obtained with blueprint paper strips wrapped around the leading 
edge of the 65,2-016 airfoil, the values given in this figure are 
believed to be sufficiently indicative of the conditions of wettablllty 
existing on all clean wing surfaces not specially treated to be appli- 
cable for general airfoil thermal design. For purposes of design, 
It is suggested that the limit of surface wetness for surfaces not 
specially treated be taken as U0 percent. It Is of importance to 
note that In using the curve of surface wetness shown In figure 21, 
for a heated wing, the total rate of evaporation of water Ws In 
the region of water-drop Impingement must be subtracted from the 
total rate of water Impingement Kg    In order to obtain the rate of 
flow of water rearward from the area of Impingement. Too values 
given In figure 21 for degree of surface wetness are believed to be 
accurate only to the nearest 10 percent. 

With the information gained so far, it should be possible to 
analyze the data obtained with the two electrically heated airfoil 
models and establish the validity of equations (2U) and (25) for 
calculating neat flow. The curves of measured heat-flow distribution 
shown in figures 8(a) to 8(g) and figures 12(a) to 12(j) were faired 
to produce a form more suitable for comparison with heat—flow curves 
calculated using equations (2U) and (25). Comparisons of the 
measured heat flow and the beat flow calculated to produce the 
measured surface temperatures, assuming the entire surface to be 
completely wetted, for the two airfoil sections for typical cases are 
shown in figures 23 and 2h.    These curves are also compared to the 
calculated heat loss due to convection only, that is, assuming the 
surface to be completely dry (equation (12)). In the previously 
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•rationed calculation«, WMUwd nlnra of conveotlve heat-transfer 
coefficient, obtained during flight la alaar air, «an used. In 
order to oalculata tba amount of haat dissipated In naming tha 
1 «pinging water (agnation (»)) for tha calculation of haat flow for 
tha completely wetted case, Talusa of Mg,   were eonpntad fron aqua- 
tion (8) using the aeasured values of liquid-water concentration, 
drop alte, and drop-elto distribution (tables X and II). As was 
dona previously in tha analysis of tha blueprint-paper rivulet 
patterns, values of *fe were conputed for both airfoil sections 
using tha curves presented for tha 0012 airfoil. 

A study of tha aeasured and calculated neat-flow curves In 
figures 23 and Sk shows that In tha area of water-drop Injlnga—nt 
good agreeaent la obtained between aeasured Taluas and tha values 
calculated for a completely wetted surface. Indicating that In tha 
region where It la reasonable to assume a fully wetted surface tha 
equations for calculating haat flow are valid. Aft of tha area of 
Impingement, in tha region of low haat flow, where It has been shown 
that tha surface la only partially watted, tha values calculated for 
a completely watted surface are lower than tha aeasured values. Since 
tha surface la only partially wetted, it would be expected that tha 
calculated curve, which represents tba values of beat flow required 
to produce the «ensured surface temperatures IT the surface wars 
coapletely wetted, would be considerably higher than tha aeasured 
curve. There appear to be only two possible explanations for this 
discrepancy: (l) equation (25) gives erroneous values and cannot be 
railed upon for calculation, and (2) tha values of oonvectlve heat- 
transfer coefficient used In equation (25) for calculating tha heat- 
flow values are In error. The first explanation does not appear to 
be likely In new of the fact that the aquation wan derived on a 
sound basis. Also, there Is no obvious reason why the aquation 
should hold In the leading edge region and fall to hold In the area 
aft of the leading edge. The second explanation, that erroneous 
values of convectlva heat-transfer coefficient ware used la tha cal- 
culation», aeeas entirely possible. Since the values of oonvectlve 
heat-transfer coefficient used In equation (2J) are those aeasured 
during flight la clear air, It aeeas reasonable to aaeuue that tran- 
sition fron laminar to turbulent flow aoved forward during flight la 
Icing conditions from tba position Maintained la olear air. Movement 
of transition to a point near the landing edge would cause the eonveo- 
tlve heat—transfer coefficients In the region under consideration to 
be Increased several tlaes above the values existing In clear air, 
•lace the convectlva coefficient« In turbulent flow generally are 
considerably greater than those la laminar flow. Such an increase 
In the oonvectlve coefficients would raise the curves calculated for 
a completely wetted surface (figs. 23 sad Sk) to a position above tha 
Measured.curves. 
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It is very likely that disturbance of the boundary layer, caused 
by water drops striking the airfoil surface and roughening the surface 
as they coalesce and flow aft, would effect a forward movement of 
transition. There is further evidence to support the assumption that 
the water-roughened surface caused movement of transition forward. 
Observations of the 65,8-016 airfoil during a flight in clear air 
with the test section heated indicated that transition had shifted 
forward by a considerable amount. This was noted by a lowering of 
the surface temperatures In the region aft of the leading edge. The 
heat distribution bad been aet previously to produce a constant 
aurface temperature in clear air, and only a change In the boundary- 
layer characteristics could cause the evident change in heat-transfer 
coefficient. After the flight, a close examination of the leading- 
edge region of the airfoil revealed small Insects stuck to the 
surface where they had hit during the flight. The surface was wiped 
clean and during a subsequent flight In clear air it was noted that 
transition had moved back again, as evidenced by the restoration of 
the surface temperatures to normal. Thus, it appears that very small 
irregularities in the surface, such as are present on the surface of 
an airfoil In icing conditions, are sufficient to cause transition to 
occur prematurely. Tests In wind tunnels also have shown that small 
protuberances In the leading edge region of an airfoil will cause 
the movement of transition forward. (See reference 2k.) 

Host of the curves of heat-transfer coefficient measured during 
flight in icing conditions, shown in figures 8(a) to 8(f) and 12(a) 
to 12(g), display a definite increase in the aft region of high heat 
Intensity, suggesting that transition is located at this point. It 
should be noted that the Increase in heat—transfer coefficient 
indicated by these curves is believed to be only an apparent Increase, 
caused by the rapid change in heating intensity in this region. If 
the coefficient is relatively constant throughout this area, as it is 
believed to be, a sudden Increase in heating intensity will not be 
accompanied by an equally rapid change In the thermal boundary layer, 
and for a short distance aft the indicated values of heat-transfer 
coefficient will be erroneously high. 

The exact values of the eonvectlve heat-transfer coefficient in 
the region aft of the area of impingement in icing conditions are 
unknown, but it Is believed the values fluctuate due to changes In 
the location of transition during flight. Very probably, the 
disturbance to the boundary layer caused by water on the airfoil 
surface 1B of auch a character as to create instability In the 
boundary layer, and cause the location of transition to fluctuate. 

In the aft region of high heat flow (figs. 23 and 24), the 
values of eonvectlve beat—transfer coefficient are known, sines 
turbulent flow existed In this region In clear air, when the values 
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were measured, as voll as In Icing conditions. In this region, the 
measured heat-flaw curve and the calculated curve of convectlve heat 
transfer come together, Indicating that at the point where the curves 
coincide all the vater on the surface has been evaporated. 

Since the equations for calculating heat flow have been shown to 
he valid In the area where the surface Is completely wetted. It is 
reasonable to assume that the equations hold in regions where the 
surface is only partly wetted, provided the correct modifications are 
made to the evaporative factor X. Fairly accurate modifications to 
the factor X are believed to be possible by using the curve of 
surface wetness shown in figure 21. By the use of this curvo it 
should be possible to calculate the rate of evaporation of water from 
the surface aft of the region of water Impingement. In the region of 
Impingement the calculation of rate of evaporation is straightforward, 
since full evaporation occurs. If the rates of evaporation from the 
two test airfoils can be demonstrated to be equal to the rates of 
vater impingement for the test conditions, the method for calcula- 
ting rate of evaporation will be substantiated. 

Accordingly, calculations of the rates of evaporation from the 
surfaces of the two test airfoils were made for all the conditions 
of tables I and II for which thermal data were obtained. The rates 
of evaporation were determined graphically, using the curves of 
measured heat flow and calculated convectlve heat loss similar to 
those shown in figures 23 and Sh.    Aft of the area of impingement, 
the position of the convectlve curve was established by dividing the 
measured values of heat flow by the modified values of X (equa- 
tion (2?)). Values of the degree of surface wetness used in modify- 
ing X were determined from figure 21, using computed rates of 
vater impingement and evaporation from the area of Impingement. The 
position of the re-calculated curves of convectlve heat loss are 
shown typically in figures 23 and 2U. The total rate of evaporation, 
then, was determined by measuring the area between the measured and 
re—calculated convectlve heaU-flow curves. This gave the total 
amount of heat dissipated by evaporation of the water In Btu per 
hour per foot of span. Dividing this value by LB the latent heat 
of vaporization, the total rate of evaporation Ws in pounds psr 
hour per foot of span was obtained. 

The rates of evaporation, obtained in the previously mentioned 
manner, are compared with the rates of water Impingement, calculated 
by the method previously presented, for the 0012 and 65,2-0l6 air- 
foil models, for the left side only, in tables III and IV. An 
average agreement of 13 percent for all the conditions analyzed 
where no runback formed was obtained, indicating the degree of 
reliability of the method for calculating the rate of evaporation 
of vater from a heated wing. 
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In «tor to demonstrate further the dependability of the method 
for calculating rat» of evaporation fron a heated wing, the photograph 
of runhack on the 65,2-016 airfoil (fig. 13) was analysed. If It 
can he shown that the actual rate of formation of runback compares 
closely to the rate at vhleh runhack la calculated to farm under the 
particular icing conditions, the method for calculating rate of «rap- 
oration «111 he further substantiated. 

The runhack shown In figure 13 had started forming 10 minutes 
earlier« At the tine of the photograph the formation was estimated« 
hy observation during flight, to he approximately 3/16 Inch thick. 
The area of the formation extended about 2-1/2 Inches chordvlse and 
12 inches spanviae, making a weight of ice of 0.2 pound. This 
constitutes an actual rate of formation of runhack of 1.2 pounds per 
hour per foot span. During this 10-mlnute period, two sets of 
rotating-cylinder and airfoil heat-transfer data were taken. These 
correspond to icing conditions 9 and 10, table II. Results of calcu- 
lations of the rates of impingement and evaporation based on these 
data are given in table 17. For icing condition 9 the rate of water 
Impingement was 1.60 pounds per hour per foot span. The rate of 
evaporation from the heated area was O.UU pound per hour per foot 
span, leaving a calculated rate of formation of runhack of 1.16 pounds 
per hour per foot of span. During Icing condition 10 the calculated 
rate of impingement was 1.79 pounds per hour per foot and the rate of 
evaporation was 0.51 pound per hour per foot, resulting in a rate of 
formation of runback of 1.28 pounds per hour per foot of span. The 
calculated rates of formation of runhack (1.16 and 1.28 lb per hr, ft) 
agree remarkably well with the actual rate of formation (1.2 lb per 
hr, ft), illustrating the reliability of the procedure for calcu- 
lating rate of evaporation. 

A short time prior to this test, the airfoil was subjected to 
a much less severe icing condition (condition 8, table II), during 
which all of the water intercepted was calculated to have been 
evaporated (icing condition 8, table IT). Photographs of the test 
section verified the fact that no runback had formed. 

The foregoing analyses were based on the assumption that removal 
of the water striking the airfoil surface is effected by evaporation 
only, and that none of the water is dispersed by mechanical means. 
This Is consistent with the results reported in reference 10 and 
2?« It 1B believed that "blow-off" of water, as suggested in 
references 5 and 6, does not occur. Also, it Is believed there was 
no "bounce-off" of the water drops striking the airfoil surfaces, as 
proposed In reference 11. At speeds higher than those encompassed 
hy the scope of this Investigation, it Is conceivable that mechanical 
removal of the water by bounce-off could occur. However, In view of 
the lack of information on this phenomenon, and since neglecting the 
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possibility that «star may be wwd by mechanical —— toads to be 
•ore conservative In tha thermal design, it la suggested that bounce- 
off ba neglected In tha design of vlng thermal loa prsvsntlon equlp- 

Calculatlon of Heat Requirements for 
an HACA 0012 Airfoil 

Since It has boon demonstrated that tho rato of evaporation of 
water fron a haatad vlng can be calculated with reasonable certainty, 
tha rate of beat flow required to produce a particular rate of evapora- 
tion can bo determined with equal dependability, provided tha coeffi- 
cients of connective heat transfer are known. Using the equations 
and aathod presented for calculating the rate of evaporation of water 
fron a heated airfoil surface, a calculation was made to establish 
tha extent of heated area required for ice prevention In specified 
conditions of Icing for the NACA 0012 airfoil, assuming a particular 
beat-flow distribution* lbs conditions of calculation are aa follows: 

Chord length 8ft 

Pressure altitude   12,000 ft 

Arne airspeed  170 nph 

free-air temperature .................... 20° T 

Liquid-water concentration .........    0.5 gm/rn* 

Mean-effective drop diameter ............. 25 microns 

Drop-else distribution ..............   ..X 

nie procedure employed was to assume a reasonable intensity and dis- 
tribution of total heat flow and then calculate the extent of heated 
area required to evaporate all of the Intercepted water, übe method 
of solution will he outlined briefly in the fallowing paragraph. A 
detailed etep-hy-etep consideration of the problem showing all compu- 
tations is given in the appendix. 

first, the area, rate, and distribution of water Impingement on 
the airfoil were calculated for the assumed conditions. Using the 
assumed distribution of total heat flow, the heat loss due to convec- 
tion for the particular conditions was then calculated. Since in an 
icing cloud the presence of water on an airfoil surface causes pre- 
mature transition, for these calculations, transition was assumed to 
start at 5 percent e/c, and the estimated form of turbulent heat— 
transfer coefficient shown In figure 25 was used. Calculations were 
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for a number of ehordwln stations, and the results are given 
la figure 26, which shows the assumed heat-flow distribution and the 
calculated convectlve heat loss for ons side of the airfoil. The 
rat« of evaporation is represented by the area between the curves of 
convectlve heat loss and total heat flow, except In the region of 
water impingement, where the rate of evaporation is denoted by the 
area between the curve of heat loss due to warming the intercepted 
water and the curve of heat loss due to convection. These areas 
actually give the rate of heat loss due to evaporation; however, by 
dividing the area value by L8, the latent heat of vaporisation, the 
rate of evaporation is obtained. The procedure, then, was to extend 
the total and convectlve curves until the total rate of evaporation 
equaled the rate of water impingement. Extension of the heated area 
to 18 percent s/c was found to be adequate to ensure evaporation of 
all of the water Intercepted. 

Several other calculations were made far the 0012 airfoil to 
determine the effects of altitude, air temperature, and location of 
transition on the requirements of heat flow and extent of heated 
area necessary to evaporate all the Intercepted water. The results 
of each of these calculations ware compared with the results of the 
calculations for the conditions previously specified. For each of 
the calculations, the asms total heat-flow distribution was assuosd 
and the extent of heated area required to evaporate all the Inter— 
oepted water was calculated for each condition. 

To determine the effect of altitude on the heat requirement, a 
comparative calculation was made for sea-level conditions with all 
other flight conditions as previously specified and with the area 
and rate of water Impingement the same as at the 12,000-foot condi- 
tion. The results of this calculation are shown In figure 27, which 
compares the relative convectlve heat losses at sea level and 12,000 
feet. For the conditions at 12,000 feet extension of the heated 
area to 18 percent s/c WAS shown previously to be adequate to 
ensure evaporation of all of the water Intercepted. At sea level It 
would be necessary to extend the heated area to 26 percent s/c for 
evaporation of all the water Intercepted. The curves of figure 27 
can also be used to determine the amount of Increase necessary In the 
total heat flow If all the water la to be evaporated in an area 
forward of a specified chord point* For example, assume that the 
extent of heated region for the curves of figure 27 Is limited to 
18 percent s/c. At 12,000 feet all of the water would be evapo- 
rated, aa has been previously mentioned. At sea level, however, 
•erne of the water would not have been evaporated. By measurement of 
the areas of figure 27 It can be shown that the total heat flow 
required to evaporate all the water within the area from 0 to 18 
percent s/c at sea level la approximately 10 percent greater than 
ths amount required at 12,000 feet. The Increase In heat requirement 
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with decrease In altitude la due to the fact that the rat« of evapo- 
ration of water decreases as altitude Is decreased, because of the 
decrease In the evaporative factor X (equation (23)). Since the 
convectlve heat-transfer coefficient Increases with decrease In alti- 
tude, due to the Increase In air density, It might be expected that 
the rate of evaporation would Tie Increased with decrease In altitude, 
because the rate of evaporation Is directly proportional to the con- 
vectlve coefficient (equation (01)). However, the Increase In the 
rate of evaporation la more than compensated by -the Increase In con- 
vectlve heat lose, and the rate of evaporation, for a fixed total 
heat flow, actually becomes less with decrease In altitude. Appar- 
ently, then, airfoil thermal ice—prevention equipment In which the 
heat flow is fixed, such as electrical systems, should be designed 
for the minimum altitude at which the airplane Is expected to 
encounter Icing. However, If the airplane Is designed to utilize 
some form of air-heated system, the performance of which probably 
will decrease with Increase In altitude, the maximum altitude at 
which Icing Is expected to be encountered should also be Investi- 
gated. 

To determine the effect of air temperature on the heat require- 
ment, a calculation was made of the convectlve heat loss at 0° F 
free-air temperature and le compared In figure ?7 with the convectlve 
heat loss at 30° F. In the calculation with the free-air temperature 
at 0° F, It was determined that the surface temperature dropped to 
'freezing at ?k percent a/c before all the water on the surface was 
evaporated. However, the total heat flow required to evaporate all 
the water within the area from 0 to 18 percent s/c with the air 
temperature at 0° F Is approximately only 15 percent greater than the 
amount required at 20° F. Although this 1s an appreciable Increase 
In the heat requirement, It Is considerably less than that necessary 
for a similar change In conditions for ice—prevention equipment 
designed on the basis of maintaining the surface temperature Just 
above freezing, such as for the case of windshields.  (See refer- 
ence 21.) It appears, then, that a wing thermal system which has 
been designed for a relatively high air temperature will be capable 
of Ice prevention at low air temperatures In Icing conditions nearly 
as severe as those upon which the design was based. Of course, the 
system Is more subject to failure through the possibility of the 
surface temperature falling below freezing in the low air—temperature 
conditions, but In general, the surface temperatures required for 
evaporation of all Impinging water In the relatively small heated 
area of the leading edge will be sufficiently high to obviate this 
possibility. 

TO establish the effect of the location of transition on the heat 
requirement, a calculation was made of the convectlve heat loss, 
assuming laminar flow exists throughout the heated area. For this 
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calculation, the •anml values of oonveotlve beat-transfer coeff 1- 
howo la fIgor» 2? wn used. O» eonvectlve heat loss for 
flow la compared In figure 27 with the convective heat lose, 
tranaltlon atartad at 5 percent a/e. In tho caae of couplet» 

flow. It would ha necessary to heat only to lU percent a/c 
to obtain evaporation of all the water. The total heat flow required 
to evaporate all the water within the area from 0 to Ik percent a/o 
with tranaltlon at 5 percent a/c la approximately 10 percent greater 
than the amount of heat required If laminar flow prevails. Apparently, 
the location of tranaltlon mores forward In condition« of Icing, even 
In the presence of a favorable pressure gradient, to a point where a 
strong favorable pressure gradient la encountered (flga. 11 and 16). 
Aa waa stated previously, the location of tranaltlon Is believed to 
fluctuate, probably over a considerable distance. It la suggested 
that forward aovaaant of tranaltlon to a point eloae to the leading 
edge of the wing be assumed In the design of thermal ice-prevention 
equipment, especially In view of the fact that a greater amount of 
heat la required for the turbulent-flow condition. 

Iron a comprehensive study of the results shown in figure 27, 
acne general conclusions can be reached. It la apparent that aft of 
the area of droplet Impingement, the efficiency of removal of water 
by evaporation decreases rapidly. The reason for the decrease In 
efficiency la that only partial wetneaa prevails aft of the area of 
Impingement, while the area of Impingement la entirely wet. This 
Indicates that the larger the portion of the total amount of water 
Intercepted that Is evaporated In the area of Interception, the 
greater the efficiency of the thermal system becomes. The rate of 
evaporation of water Is the determining factor In the efficiency of 
a wing thermal ice-prevention system. Only the heat that is dissi- 
pated In evaporation is used to advantage. The heat lost by convec- 
tion only warms the air. Thus, the conclusion is drawn that the 
boating should be concentrated as much as possible In the leading 
•Age of a wing. In the area of drop Impingement, If an efficient 
thermal system is to be obtained. 

Calculations for the C-fc6 Wing Thermal System 
In Maximum Continuous Icing Conditions 

An analysis of the 0-1*6 airplane wing thermal lee—prevention 
system for the upper surface at wing station 157 was made in an 
effort to determine whether the thermal ayatem could oope with the 
•jsjtlmum continuous icing conditions given previously at the beginning 
of this discussion. The assumed icing and flight conditions for the 
calculations are as follows: 



I 
MCA Ol 10. JA72 37 

Condition A Condition B 

Altitude (ft) 6000 6000 

Drue airspeed (mph) 180 180 

Liquid water 
content (gm/ma) 0.8 0.5 

Ifaan-effectlve 
drop Bite  (microns) 15 25 

Jree-alr 
temperature (°F) 20 20 

The heat-flow distribution at station 137 *ae estimated, based on 
data presented in references k and 26, and is shown in figure 28. 
The rates of water Impingement for the two icing conditions assuming 
a "C" type drop-size distribution were calculated for the leading- 
edge cylinder of the airfoil section using the data presented In 
reference 17. Curves of distribution of water impingement, for the 
upper surface, for the two eases are given in figure 29. These were 
constructed using the data from reference 17 for each drop Giro in 
the distributions. The value of Mg,    obtained from equation (9), 
for Condition A is O.65 pound per hour per foot span, while +be value 
of Ms for Condition B is 1.39 pounds per hour per foot span. As in 
the calculations presented previously, the rate of evaporation of 
water from the surface was determined by calculating the heat loss 
due to convection for the two conditions. Values of convective heat- 
transfer coefficient were taken from figure 30, which shows the values 
measured during flight in clear air using an electrically heated glove 
and the estimated convective coefficients for icing conditions, when 
transition moves forward. The estimated values were used in the cal- 
culations. The computed curve of convective beat loss for Condition 
A is shown in figure 28. Results of the calculations of rate of 
evaporation for the two conditions indicated that sufficient heat 
was supplied to the upper wing surface to evaporate all of the water 
intercepted. For Condition A the wing was shown to be capable of 
evaporating 0.90 pound per hour per foot span. Indicating that the 
llquid-^water concentration could attain a value of at least 1.1 grams 
psr cubic meter at a mean-effective drop sice of 13 microns before 
runback would form. The rate of evaporation for Condition B was 
calculated to be 1.3? pounds per hour per foot span, suggesting that 
the liquid-water concentration of 0.3 gram per cubic meter Is the 
limiting condition at 25 microns. 
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A further analysis was made of the upper wing surface at station 
157 using the values of Condition A, excepting that a free-air tempera- 
ture of 0° T was assumed. The curve of convectlve heat lose for this 
condition Is shown In figure 28. Under this condition calculations 
revealed the wing would he able to evaporate 0.70 pound per hour per 
foot span. The rate of Impingement, as before, was O.65 pound per 
hour per foot span. 

These calculations substantiate the general observations of the 
successful operation of the C—l*6 wing thermal Ice—prevention system. 
The absence of runback on the wing upper surfaces during a great many 
of the Icing, flights Indicates the adequacy of the thermal design. 

Selection of Conditions for Design 

In selecting values of drop size, liquid-water concentration, 
air temperature, and altitude for the design of thermal ice—prevention 
equipment, a combination of these variables normally occurring In 
nature should be chosen such as to requlrn t.fc» highest rate of heating* 
As statdü previously, conditions of maximum continuous Icing are 
believed to form a good basis for design. It Is of interest to Inves- 
tigate the effect of different possible combinations of the variables 
of drop size, liquid-water content, air temperature, and altitude on 
the heat requirement for ice prevention for the maximum continuous 
conditions given in the table In the first part of this discussion. 

The effect or an Increase in the size of drops In an Icing condi- 
tion is to increase the collection efficiency of the airfoil, thereby 
Increasing both th« rete at vhlrY.  water Is; intercepted and Urn  area 
of Impingement. An Increase In the liquid-water concentration of 
the air causes a proportional Increase in the amount of water inter- 
cepted, for a given drop size. Since all of the water striking the 
wing must be evaporated to avoid the formation of ice, an Increase 
In the rate of water Interception will cause an Increase in the beat 
requirement. Fortunately, a relation between water concentration 
and drop size appears to exist In icing clouds, and the existence of 
very large drops generally is accompanied by a small concentration 
of liquid water (reference 13). The selection of a combination of 
drop size and water concentration should be euch es to produce the 
highest rate of Impingement. It was shown previously that an Increase 
In the drop size produces a greater Increase In the rate of water 
Interception than a proportional Increase In the water concentration. 
Tor this reason, the maximum continuous icing condition of 25 microns, 
mean-effective drop size, and 0.5 gram per cubic meter, liquid-water 
concentration, generally will result In a more rapid rate of water 
Impingement than the condition of 15 microns and C.8 gram per cubic 
meter. 
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A decrease In free-air temperature, while Increasing the heat 
requirement for thermal loe prevention, la accompanied by a deereaee 
In the liquid-water concentration (reference lU), which causee a 
proportional deereaee In the rate of water Impingement, for the same 
drop else. The sizes of drops existing at low air temperatures (0° F) 
In lolng conditions tend to be only slightly smaller than those at 
higher air temperatures (reference 13); therefore, a selection of 
air temperature for design will be determined by the combination of 
air temperature and water concentration (and corresponding drop size) 
to produce the highest heat requirement. It will be found, generally, 
that the rate of heating required to evaporate the larger quantities 
of water at the higher air temperatures is greater than the heat 
needed for Ice prevention at the lower temperatures« However, low 
air—temperature conditions should be investigated to ascertain that 
the temperature of the heated surface will not fall below freezing. 

There appears to be no relation between altitude and the drop 
alia or liquid-water concentration of icing conditions. (See refer- 
ence 13.) Therefore, the altitude at which the heat requirement la 
greatest should be chosen. The minimum altitude of operation was 
shown previously to produce the highest heat requirement for wing 
thai1—1 loe prevention. However, as was formerly suggested, if the 
airplane is designed to utilise some form of air-heated system, the 
—«— altitude at which Icing la expected to be encountered should 
also be investigated. 

COHCLUBICK) 

from the foregoing dismission. It la concluded that the extant 
of knowledge on the meteorology of lolng, the Impingement of water 
drops on airfoil eurfaeea, and the processes of heat transfer and 
evaporation from a wetted airfoil surface has been Increased to a 
point where the design of heated wings on a fundamental, wet-air 
basis now can be undertaken with reasonable certainty. In addition 
to this general conclusion, the fallowing conclusions are drawn, 
baaed on test data and analytical studies of the processes of beat 
transfer end evaporation from a heated wing: 

1. The heat should be concentrated as much as possible In the 
leading-edge region of the wing In the area of water-drop Impinge— 

at. If an efficient thermal system Is to be obtained. 

2. An Increase in altitude, for the sans rate end area of water 
impingement on a wing and for the earn» conditions of true airspeed 
and free air temperature, decreases the heat requirement for thermal 
los Prävention. 
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3. A wing thermal ice—prevention system which has been designed 
to evaporate all Impinging watar in tha leading-ad«» region for a 
relatively high fraa-air temperature (20° F) will be capable of ice 
prevention at low air temperatures (0° F) in Icing condition» nearly 
as MT»re aa those upon which the design waa baaed. 

Asms Aeronautical laboratory, 
national Advisory Committee for Aeronautic«, 

Maffett Field, Calif. 

APPENDIX 

Calculation of Extent of Heated Area Required 
for HACA 0012 Airfoil 

Tb» detailed, step-by>-st*p calculations for establishing the 
extent of heated area required for loe prevention on an HACA 0018 
airfoil In specified conditions of Icing are presented In this appen- 
dix. It Is believed that the general procedure outlined herein will 
be applicable for the design of most wing thermal Ice—prevention 
equipment. 

•BM  calculations wsre made for ans side only of the airfoil. 
The assumed flight and meteorological conditions used In the calcu- 
lations are as follows: 

Pressure altitude   12,000 ft 

True airspeed ....................... 170 mph 

Free air temperature. .................... 20° F 

liquid-water concentration. ............... 0.5 gv/m* 

Mean-effective drop disaster. ..............2? microns 

Prop site distribution  E 

She chord length of the airfoil was taken as 8 feet. 

Step 1.— Calculate area, rate, and distribution of water inter- 
ception. The area of interception is determined by the largest 
droplets present in the cloud. For the case of an "E" type drop- 
size distribution (reference 17), the largest drops will bo 2.71 
times larger than the mean-effective sice, or 

>'.'• - 
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Mutl— drop disaster - 2.71 x 25 • 68 micron« 

S» K-*alue corresponding to a drop diameter of 68 microns for the 
assumed flight conditions «as calculated using equation (5). Thus, 

K - 2. ( &A\   A'fffi.g8xlQ-a Y f 259x3x0,0?!^ - 0.W5 
9 \0.053  V   8  / \ l.ifcacr" ' 

Iron figure 3, the efficiency of Impingement X for this »value la 
5^ percent. Using equation (10), the starting ordlnate of the 68- 
micron-dlemeter drop which Just hits the surface la 

^imlt " K 7mx 

or 

yoilait m K Jmx 
c      c 

Since the airfoil la 12 percent thick. 

- 0.06 

iSliall . 0.5* x 0.06 
C 

0.032 

Using the broken curve In figure 1, the area of Impingement vas found 
to be 10.8 percent s/c. 

The  distribution of water—Impingement rate owr the airfoil 
surface vas calculated using equation (8). nie Individual rates of 
Impingement for each of the drop elzes In the assumed distribution 
were calculated for various points along the surface. Biia was 
accomplished by computing the value of X for each of the drop sizes 
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In the distribution using equation (5). determining the values of C, 
for tho corresponding R-val'ie, at various points along the surface, 
then evaluating the expression VhC. By adding these Individual 
toping—ant rates for each point on the surface, the resulting dis- 
tribution of vatop-toplngemant rate over the surface was obtained. 
The above calculations were made using a tabular form of computation, 
as Illustrated In table 7. Figure 17 shows the resulting distribu- 
tion of Impingement. The total rate of water Impingement Mg was 
calculated, using equation (9), by measuring the area under the curve 
shown In figure 17. The value of Me   was calculated to be 3.1 
pounds per hour per foot span. 

Step 2.- Establish the distribution of heat flow from the 
surface. The distribution of heat flow will depend on the type of 
Ice-prevention system to be used. If an electrical system Is 
planned, the distribution and Intensity, once set, will remain 
unchanged regardless of variations In flight and meteorological 
conditions. On the other hand. If the system Is to be designed to 
utilize heated air or some other fluid, the distribution of heat flow 
from the surface will depend upon the characteristics of the Internal 
flow of the fluid as well as the conditions affecting the external 
heat transfer. If such a system is to be used, calculation of the 
heat-flow distribution will be rather complex, and It Is believed 
that assuming a distribution will provide a good basis for starting 
the calculations for design. 

The heat-flow distribution and Intensity used in these calcu- 
lations was estimated, based on d*ta presented In references k and 
26, to be the heat-flow distribution and Intensity of the thermal 
Ice—prevention system for the wing of the G-k6 airplane (refer- 
ence 20) at the 8-foot chord station. This distribution, which la 
believed to be representative of a probable thermal system. Is shown 
in figure 26. 

Step 3«— Determine the values of convectlve heat-transfer 
coefficient. Tho values of measured convectlve heat-transfer coeffi- 
cient with the estimated form of the turbulent coefficients shown In 
figure 25 were used. 

Step 4.— Calculate values of surface temperature In the area of 
water Impingement, using equation (Ph),  such that the values of 4 at 
any point are equal to the assumed heat flow. (See fig. 26.) 

Step 5»— From the values of surface temperature calculated In 
step 4, compute the convectlve heat loss using equation (12). The 
curve of convectlve heat loss Is plotted In figure 26. 
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Stop 6.- Calculate tlw rate of flow of water aft of the region 
of water Interception» This waa dona by measuring the area In the 
region of water impingement between the convectlve heat—flow curve and 
the curve denoting heat flow to impinging water (fig. 26) to obtain 
the rate of heat dissipation due to evaporation. The rate of evapora- 
tion was computed from equation (20), and waa subtracted from the rate 
Of laplngenent to give the rate of water flow aft of the region of water 
Interception. The rate of evaporation was calculated to be 1.6 pounds 
per hour per foot span. Subtracting this value from the rate of water 
striking the surface, 2.1 pounds per hour, foot, the rate of flow of 
water aft, then. Is 0.5 pound per hour per foot span. 

Step 7.— Determine the wetness fraction and make the proper 
modification to the evaporative factor. Using the curve shown In 
figure 21, the wetnese fraction for a water flow rate of 0.5 pound 
per hour, foot is 30 percent. It le suggested that the values of 
degree of wetness given In figure 21 be used only to the nearest 
10 percent, since more precise usage is considered to be unwarranted. 

The evaporative factor Z was then modified by the 30-percent 
wetness fraction, so that equation (23) becomes 

1 + 1.12 
/es-a0k \ pSI< 

\te-toky Pi 

Tor these calculations, the value of 
static pressure, so that 

Pi was taken as the free stream 

I - 1 + 1 "(Sä) 
Step 8,— Calculate values of surface temperature aft of the area 

of water Impingement using equation (25) and the revised value of X 
such that the values of q at any point are equal to the assumed heat 
flow. (See fig. 26.) 

§tep ?.— from the values of surface temperature calculated In 
, compute the convectlve heat loss, using equation (12). The 

curve of convectlve heat loss is shown in figure 26. 

Step 10.— Extend the calculation of convectlve heat loss until 
the total rate of evaporation, denoted by the area between the curves 
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of convection and total heat flow (except In the region of Impingement), 
equals the total rate of water Impingement. The rate of evaporation 
w computed from the area between the two curves using equation (20). 
For the case of the 0012 airfoil, the extent of heated region required 
for evaporation of 3.1 pounds per hour, foot span was calculated to lie 
to 18 percent B/C, which is equivalent to 16.5 percent chord. 

Xt should be noted that the extent of the heated region can be 
decreased by Increasing the intensity of the total heat-flow distri- 
bution and re-calculating the required extent of heated area. 
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xzz»- COMEWRXSCN or oueauaa vema or wan 
AD KVAPOBAXXOr OUR IB IXADMG XOOB 

art» «*c* ooig rucraicALET mro ATRTOIL 
MOOX KB ICH» COHDITICgS Of IABUC X 

Caloulatad 
rato of 

Calculated 
rate of 

Xelng 
oondl- 
tlon 

night Pacific Standard 
tlaa 

Mttor 
laplaga- 
•rat, H, 
[»/(hr) 
(ft. «pan)] 

water 
evapora- 
tion, WB 

tlb/(lir) 
(ft.apan)] 

1 39 2:03 to 2:09 0.30 0.17 

2 39 2:13 to 2:16 .39 .*! 

3 39 2:19 to 2:22 .27 .36 

k 39 2:23 to 2:26 .03 .Ofc 

5 39 2:28 to 2:31 .19 .19 

6 *3 12:27 to 12:29 .61 .62 

7 k9 1:29 to 1:26 l.*l .24* 

«Only loading edge region heated. Baaeaek fomd. 

NATIONAL ADVISORY 

*SEi 
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IT.- coHPAxasar ar CALCOXAKD BASS ar turn 
gWaWB.1 AID KTAFCRATXCB OVKB THE IÄADIJ» 
1KB Or BE HACA 65,2-016 XUCXRXCAUX 

HEATED A1HFQIL MODEL TOB ICH» 
conomoüs or TABU: n 

Calculated Calculated 
rate of rate of 

lalag 
eendl— 
tlon 

Flight Pacific Standard 
tlaa 

water-drop 
lgplno» 

,mt,   Kj 
[lb/(tar) 
(ft.apaa)] 

water 
evapora- 
tion,    Wa 

[lb/(tar) 
(ft.apan)J 

1 100 3:15 to 3:19 0.1*7 0.1)6 

2 102 1:30 to 1:35 .9» .96 

3 105 11:01 to 11:06 .52 .55 

k 105 ll:ltl to 11:^5 .5« .5» 

5 105 2:32 to 2:36 .97 1.05 

6 105 3:07 to 3:^2 1.01 1.06 

7 105 3:18 to 3:23 .33 .38 

8 111 12:32 to 12:36 .18 .20 

9 111 1:08 to 1:12 1.60 .hk* 

10 111 1:15 to 1:19 1.79 .51* 

•Onljr leading-edge region heated. Bunbaok foraed. 

NATIONAL ADVISORY 
COHNITTU m AERONAUTICS. 
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NACA 

A-10a79 

(a)  NACA 0012 section mounted on C-U6 fuselage 
for the 191*5-116 flight teats. 

v^rv   - 

(b) HACA 6^,2-016 section mounted on C-W5 fuselage 
for I9U6-U7 flight tests. 

Figure 6.- Electrically heated airfoil models used to obtain data 
In natural-icing conditions. I 



NACA TN No. 1472 01 

2 Aluminum   skin 
3 Plastic—impregnated I 
4 Electrical resistance heating 
5 Plastic - impregnated fabric 
6 Plastic base 
7 Airfoil structure 
8 Leads   from surface   thermoc 

~"f heated guard se 
leads from resistance heotfig 
stir 

IZ   Camera 
NACA 

A-11753 

Figure 7.- Cut-avay viow of the HACA 65,2-016 electrically 
heated, airfoil Model shoving construction detail«. 



NACA TN No. 1472 
63 

'«v y-X^SArrju-^Kafy 



64 
NACA TN No. 1472 

.s6   '<? rJ?**u*#M**vJU jrjn*>*>/rj- 

«q ^ ^i ^ * 

1        §        S        ^        $        * 

\ 

i 
i 

* 



NACA TN No.  1472 

1 

I 
Si* 

I 

s 

-n r — e     •      1 

r ^-— 
^5 

/ v f 
1 t CO 

si- SS« 
>u 

•o< 

tw 
Oltl 

is 
• 1 

» 

i 1 

r J 
/ 

f 

A j \ f 

Hi    $ 

M 
  rJ 

<? 

• 

ly. or 
t 

• i 

1   « 
^^-i i |T 5   ü 

*   $ 1  1 
.....     

T •"' ..   | J N 

>Ü 

1 
I i 

s 

I 
i '<> 

\ 

'  'JTJML 

% 

5 

\ 

1 s 

> 

4 

* 

3 
(rfj (U^MffHy/Alff W-t"-*'3'**Jr0J ***STJUi*K*/r 



66 
NACA TN Na. 1472 

S 

I 

C       In 

J* '* 

&**rJfi*t>6iir* '*M*c*m- 
\     \ 

AWJV'Af0&'^rjKy 

fafa'*X"&'*&fr % 
-*/*r/j*j*m'jvj> 'K**TA/¥>JU-JK0!p 



NACA TN ND.  1472 67 

S 

5» 

§ % % ^ 3 * 

I 



NACA 1472 

£*,)£* 
•***a9**&Qa ***'S»+'JU. '-*"*& 



NACA TN No. 1472 

1 
§ 

(u* ArJ(lWj/*U& '&  'VPk&JHKT SVOJ^ SM07& utozy 

$ ^ s 
^4 Jf-***{}('**'j/tomr '// 'u**r*A***o* jrj&Jivtrju-ui&sv 



70 NACA TN No. 1472 

"§ 

5 
ft 

Is Si 

P 
r 

,        i        t        I 
{u*6sjfi»m0/1k4&,& 'jyt&jr^r#t>jt*AIOTJ*^r*pp 

\ % % S % 3 * 

\ 



NACA TN No. 1472 71 

NACA 

A-11557 

Figur» 9.— typical runback formation obtained on the HACA 0012 airfoil 
modal with only loading-edge region heated. 
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SfACA 

A-l!        . 

Figure 13.— Runtack formation obtained on the electrically heated 
NACA 65,2-016 airfoil model during Icing conditions 9 and 10, 
table II. 
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